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Für diese Dissertationsschrift wurde die Form der Publikationspromotion gewählt. In der 
eingefügten  Originalpublikation  werden  alle  verwendeten  Materialien  und  Methoden  sowie 
die Ergebnisse beschrieben und ausführlich diskutiert. 
 




Titel der Dissertationsschrift: 
Die Expression der Chemokinrezeptoren CXCR7 und CXCR4 in Astrozyten während 
der Entwicklung und unter pathologischen Bedingungen 
 
Universität Leipzig, Publikationspromotion 
53 Seiten, 94 Literaturangaben, 1 Publikation 
Referat 
Das Chemokin SDF-1/CXCL12 und seine Rezeptoren CXCR4 und CXCR7 sind entscheidend 
an der normalen Hirnentwicklung, der Aufrechterhaltung der Hirnhomoöstase und an diversen 
Pathologien des zentralen Nervensystems (ZNS) beteiligt. 
In dieser Arbeit sollte das Expressionsmuster der beiden Chemokinrezeptoren CXCR4 und 
CXCR7 in Astrozyten während der Hirnentwicklung und in unterschiedlichen ZNS-
Erkrankungen analysiert und verglichen werden. Des Weiteren sollte untersucht werden, 
welche unter pathologischen Bedingungen freigesetzten Mediatoren bzw. assoziierten 
Prozesse an der Regulation der Rezeptorexpression beteiligt sind. 
Die Rezeptorexpression wurde mittels Immunhistochemie charakterisiert und verglichen. 
Astrozyten wurden durch Detektion des sauren Gliafaserproteins (GFAP) identifiziert. Die 
Analyse erfolgte an ZNS-Gewebeschnitten von Sprague-Dawley-Ratten unterschiedlicher 
Entwicklungsstadien, sowie von Tieren mit induziertem Hirninfarkt, induzierter 
Rückenmarksquetschung und experimenteller Autoimmun-Encephalomyelitis. Als humane 
Pathologien standen ZNS-Gewebeproben von Verstorbenen mit Morbus Alzheimer und 





Regulation des astrozytären Rezeptorstatus wurde an kultivierten primären Astrozyten mittels 
Western-Blot-Analyse untersucht. 
Am Embryonaltag 18 (E18) zeigten sich CXCR7+/GFAP+-Zellen in der 
ventrikulären/subventrikulären Zone, während CXCR4 in GFAP+-Zellen nicht nachweisbar 
war. Im frühen postnatalen (P2) und im adulten Gehirn waren sowohl CXCR7+- als auch 
CXCR4+-Astrozyten vor allem auf die Membrana glialis limitans superficialis beschränkt. 
Alle untersuchten Hirnpathologien waren durch eine deutliche Zunahme der astrozytären 
Expression von CXCR7, nicht aber von CXCR4 charakterisiert. Als expressionsregulierende 
Faktoren konnten das anti-inflammatorische Zytokin Interferon-þ (IFN-þ), das pro-
inflammatorische Zytokin Interferon-y (IFN-y) und Hypoxie identifiziert werden. Dabei nahm 
die Expression von CXCR7 in kultivierten Astrozyten nach Behandlung mit IFN-y sowie 
unter hypoxischen Bedingungen zu, nach Behandlung mit IFN-þ jedoch ab. Die astrozytäre 
CXCR4-Expression blieb unter allen untersuchten experimentellen Bedingungen 
unbeeinflusst. 
Die erhaltenen Befunde unterstützen die zuvor aufgrund von in-vitro-Befunden formulierte 
Hypothese, wonach das SDF-1-Signal in Astrozyten ausschließlich über CXCR7 vermittelt 
wird. Weiterhin legen die Befunde die Vermutung nahe, dass die astrozytäre CXCR7-
Expression eine zentrale Rolle bei der Astrogliose spielen könnte und damit auch modulierend 








ACKR engl.: atypical chemokine receptor 
ALL akute lymphatische Leukämie 
BDNF engl.: brain-derived neurotrophic factor 
bzw. beziehungsweise 
CD engl.: cluster of differentiation 
DARC engl.: duffy antigen receptor for chemokines 
EAE engl.: experimental autoimmune encephalomyelitis 
EGF engl.: epidermal growth factor 
Erk engl.: extracellular signal-regulated kinase 
E18 Embryonalstadium 18 
GABA y - Aminobuttersäure 
GFAP engl.: glial fibrillary acidic protein 
GPCR engl.: G-protein-coupled-receptor 
GS Glutaminsynthetase 
GSH Glutathion 
HIF Hypoxie induzierter Faktor 





I-TAC engl.: interferon-inducible T-cell alpha chemoattractant 
JAK Januskinase 
kDa Kilodalton 
LESTR engl.: leukocyte-expressed seventransmembrane-domain-receptor 
LCN-2 Lipocalin-2 
LPS Lipopolysaccharid 
MAP engl.: mitogen-activated protein 
MCAO engl.: middle cerebral artery occlusion 
MDNCF engl.: monocyte-derived neutrophil chemotactic factor 
MIF engl.: macrophage migration inhibitory factor 





MS Multiple Sklerose 
NT-3 Neurotrophin-3 
PBSF engl.: pre-B-cell growth stimulating factor 
PNS peripheres Nervensystem 
P2 Postnatalstadium 2 
RDC1 engl.: Receptor Dog cDNA1 
ROS engl.: reactive oxygen spezies 
SDF engl.: stromal cell-derived factor 
SDS-PAGE engl.: sodium dodecyl sulfate polyacrylamide gel electrophoresis 
TNF-α engl.: tumor necrosis factor-α 
z. B. zum Beispiel 










4.1.1 Klassifizierung und Funktion 
 
Die Bezeichnung Chemokine oder chemotaktische Zytokine umfasst eine Gruppe von über 50 
strukturell verwandten Molekülen (Bachelerie et al., 2014). Es handelt sich dabei um basische 
Polypeptide mit einer Molekülmasse von 8-17 kDa und einer Länge von ungefähr 70 bis 100 
Aminosäuren (Lazennec and Richmond, 2010; Stone et al., 2017). Zytokine sind peptidische 
Mediatoren, die von verschiedenen Zelltypen sezerniert werden und der autokrinen, 
parakrinen und endokrinen Zellkommunikation dienen. Neben den Chemokinen werden unter 
anderem auch Interleukine, Interferone und TNF-α den Zytokinen zugeordnet (Zhang and An, 
2007). Der Begriff Chemokine leitet sich von ihrer hauptsächlichen Funktion,  der 
Vermittlung von Zellmigration entlang eines Chemokingradienten (Chemotaxis) und ihrer 
Zugehörigkeit zu den Zytokinen ab (Bonecchi et al., 2009). Die Superfamilie der Chemokine 
wird anhand ihrer molekularen Struktur in vier Subfamilien eingeteilt. Charakteristisch für 
den Aufbau der Chemokine sind konservierte Cysteinreste in der N-terminalen Region des 
Peptids. Aus der Anzahl und dem Abstand dieser Cysteinreste leitet sich die strukturelle 
Klassifizierung der Chemokine ab. Bei den CC-Chemokinen folgen die beiden ersten 
Cysteine direkt aufeinander, während bei den CXC-Chemokinen beide Cysteine durch eine 
Aminosäure getrennt sind. Diese beiden Gruppen beinhalten die meisten Chemokine. Als 
einziges CX3C-Chemokin besitzt Fractalin (CX3CL1) drei Aminosäuren zwischen beiden 
Cysteinen. Bei den Mitgliedern der XCL-Familie gibt es am Amino-Terminus nur ein 
konserviertes Cystein. Die systemischen Namen der einzelnen Chemokine setzen sich aus 
ihrer Subfamilienzugehörigkeit (CC, CXC, CX3C, XC), dem Buchstaben L für Ligand und 
einer fortlaufenden Nummerierung zusammen. Ihre spezifischen Wirkungen vermitteln 
Chemokine über G-Protein-gekoppelte 7-Transmembrandomän-Rezeptoren (GPCRs) (Zlotnik 
and Yoshie, 2012). Chemokine lassen sich neben ihrem molekularen Bau auch funktionell 
einteilen. Es werden inflammatorische (oder induzierbare) und homöostatische Chemokine 
unterschieden. Inflammatorische Chemokine werden im Rahmen von Entzündungen, 
Infektionen oder Gewebeverletzungen sezerniert und modulieren diese. Dabei wird weiter 





Homöostatische Chemokine werden dagegen konstitutiv in unterschiedlichen Geweben 
produziert und regulieren physiologische Körperfunktionen. Zu ihren Hauptaufgaben gehören 
unter anderem die Überwachung von gesundem Gewebe und die Bereitstellung von 
Knochenmarkstammzellen (Nagasawa et al., 1994). An der Entwicklung lymphatischer 
Gewebe sind homöostatische Chemokine ebenfalls beteiligt. Ein Gendefekt für das 
homöostatische Chemokin CXCL13 im Tiermodell führt zum Beispiel dazu, dass keine 
Peyerschen Plaques und periphere Lymphknoten ausgebildet werden (Förster et al., 1996). 
Einige Chemokine, wie beispielsweise CCL1 oder CXCL10, können nicht eindeutig einer der 
beiden Kategorien zugeordnet werden. Mittlerweile ist bekannt, dass Chemokine nicht nur an 
vielen physiologischen, sondern auch pathophysiologischen Prozessen beteiligt sind, wie 
beispielsweise die Genese und Metastasierung von Tumoren (Sehgal et al., 1998; Sun et al., 
2010). Als Induktoren für die Chemokinbildung können körpereigene proinflammatorische 
Zytokine, wie der Tumornekrosefaktor-alpha (TNF-α) oder das Interleukin-1 (IL-1) dienen. 
Auch der Kontakt mit körperfremden Pathogenen, wie das aus der äußeren Membran von 
gramnegativen Bakterien stammende Lipopolysaccharid (LPS) stimuliert die 
Chemokinsynthese (Ciesielski et al., 2002). Als Beispiele für entzündliche Erkrankungen, bei 
denen Chemokine eine zentrale Rolle spielen, seien die Multiple Sklerose (Cheng and Chen, 
2014), die Colitis ulcerosa (Singh et al., 2016) und die Arteriosklerose (van der Vorst et al., 
2015) genannt. Ebenfalls bedeutsam sind inflammatorische Chemokine für die 
Pathophysiologie verschiedener Hauterkrankungen (Homey and Bünemann, 2004), sowie für 
eine regelrechte kutane Wundheilung nach Hautverletzungen (Gillitzer and Goebeler, 2001). 
Beispielsweise führt eine Überaktivität von CCL2 zu einer vermehrten 
Fibroblastenstimulation. Die Folge kann eine abnormale Wundheilung mit überschießender 






Das CXC-Chemokin „stromal cell-derived factor-1“ (SDF-1)/CXCL12 wurde erstmalig aus 
Bindegewebszellen des Knochenmarks gewonnen und als Prä-B-Zell-stimulierender Faktor 
(PBSF) beschrieben (Nagasawa et al., 1994; Tashiro et al., 1993). Durch die Aktivierung 
unterschiedlicher Signalkaskaden in der jeweiligen Zielzelle ist SDF-1 an verschiedenen 
physiologischen und pathophysiologischen Prozessen beteiligt, wie der Entwicklung und 





2001). SDF-1 hat also sowohl inflammatorische als auch homöostatische Funktionen, indem 
es als Chemoattractant agiert, aber auch Zellteilung, Zelladhäsion oder Apoptose steuert 
sowie die Ausschüttung angiogenetischer Faktoren bewirkt (Puchert and Engele, 2014). 
Bis heute sind sechs, durch alternatives Splicing entstandene, SDF-1-Isoformen bekannt. Die 
physiologisch bedeutsamsten Splice-Formen sind das aus 89 Aminosäuren bestehende SDF-
1α und das aus 93 Aminosäuren bestehende SDF-1þ. SDF-1α ist die häufigere Isoform und 
wird ubiquitär im Organismus von verschiedenen Zelltypen produziert. Im Vergleich zu SDF-
1þ wird SDF-1α zeitnah nach Sezernierung ins Blut proteolysiert und dadurch inaktiviert 
(Janowski, 2009; Yu et al., 2006). 
Das Gen für SDF-1 liegt im Unterschied zu den meisten Chemokinen der CXCL-Familie 
nicht auf Chromosom 4, sondern auf Chromosom 10. Diese Besonderheit zusammen mit einer 
über 90%-igen Homologie zwischen humanem und murinem SDF-1 lassen eine bedeutende 
biologische Funktion dieses Chemokins vermuten (Janowski, 2009; Shirozu et al., 1995). 
Mäuse, deren Gen für SDF-1 deaktiviert wurde (SDF-1-Knockout-Mäuse), sterben bereits 
perinatal (Nagasawa et al., 1996). Unter anderem zeigen diese Tiere erhebliche Fehlbildungen 





4.2.1 Struktur und Einteilung 
 
Chemokine vermitteln ihre Signale an die Zielzellen über Zellmembran-gebundene 
Rezeptoren, die eine Länge von 340 bis 370 Aminosäuren (Bajetto et al., 2001) aufweisen  
und zur Gruppe der G-Protein-gekoppelten 7-Transmembrandomän-Rezeptoren (GPCRs) 
gehören. Diese Rezeptoren bestehen aus vier extrazellulären und drei intrazellulären 
Schleifen. Die Bindung von Liganden an den extrazellulär gelegenen Amino-Terminus führt 
zu einer Konformationsänderung des Rezeptorproteins. Mit Hilfe des intrazellulären Carboxy-
Terminus erfolgt anschließend die Bindung von G-Proteinen. Nach Aktivierung dieser G-
Proteine können verschiedene intrazelluläre Signaltransduktionswege, z.B. der MAP-Kinase-
Weg, in Gang gesetzt werden, die zu spezifischen „Zellantworten“ wie Chemotaxis, 
Proliferation oder einer Steigerung der Proteinexpression führen können (Breitwieser, 2004; 
Thelen, 2001). Bis heute sind 23 Chemokinrezeptoren bekannt, wobei fünf von ihnen als 
atypische Chemokinrezeptoren (ACKRs) bezeichnet werden (Zlotnik et al., 2006). Im 





verändertes DRYLAIV-Motiv in ihrer zweiten intrazellulären Schleife. Dieses Motiv ist 
essentiell für die Aktivierung von G-Proteinen. Atypische Rezeptoren sind daher oft nicht in 
der Lage Signalkaskaden zu aktivieren. Eine Funktion solcher Rezeptoren ist die 
Internalisierung ihrer Liganden, wodurch ein extrazellulärer Chemokingradient erzeugt wird 
(Ulvmar et al., 2011). Die Rezeptoren homöostatischer Chemokine besitzen in der Regel nur 
einen oder zwei Liganden, wohingegen die Rezeptoren inflammatorischer Chemokine häufig 
mehrere Liganden binden können. Die systemische Nomenklatur der Rezeptoren leitet sich 
von der strukturellen Klassifizierung ihrer Liganden ab. Der jeweiligen 
Subfamilienkurzbezeichnung der Liganden (CC, CXC, CX3C, XC) wird ein R für Rezeptor 
und eine fortlaufende Nummerierung angehängt. Chemokinrezeptoren sind nicht nur im 
Zusammenspiel mit ihren Liganden an verschiedenen physiologischen und pathologischen 
Prozessen beteiligt, sondern können auch unabhängig von diesen essentiell für 
krankheitsbezogene Vorgänge sein. Der atypische Chemokinrezeptor „duffy antigen receptor 
for chemokines“ (DARC)/CD243 fungiert bespielsweise als „Eintrittsrezeptor“ für die 
Malariaerreger Plasmodium vivax und Plasmodium knowlesi in Erythrozyten (Batchelor et 
al., 2014). Der SDF-1-Rezeptor CXCR4 dient zusammen mit CCR5 als wichtiger Co-Faktor 
für das Andocken und die nachfolgende Aufnahme des humanen Immundefizienz-Virus 
(HIV) in CD4-positive T-Zellen (Alkhatib et al., 1996; Feng et al., 1996). 
 
 
4.2.2 Die SDF-1-Rezeptoren CXCR4 und CXCR7 
 
Das Chemokin SDF-1 vermittelt seine zahlreichen Effekte über die beiden 
Chemokinrezeptoren CXCR4 und CXCR7. In vielen Zellen läuft das SDF-1-Signaling 
lediglich über einen der beiden Rezeptoren ab, in anderen sind sowohl CXCR4 als auch 
CXCR7 hierfür notwendig. Beispielsweise können beide Rezeptoren eine Funktionseinheit 
bilden oder für jeweils unterschiedliche Funktionen in der selben Zelle verantwortlich sein 
(Puchert and Engele, 2014). CXCR4 und CXCR7 werden, wie ihr gemeinsamer Ligand, in 
den meisten Organsystemen exprimiert. Hierzu zählen neben hämatopoetischen Stamm- und 
Vorläuferzellen sowie Immunzellen auch Zellen des Skelett- und Muskelsystems und der 
inneren Organe (Puchert and Engele, 2014; Puchert et al., 2016). Im ZNS wurden SDF-1-
Rezeptoren unter anderem auf bestimmten Neuronen, neuronalen Vorläuferzellen, 
Endothelzellen, Mikroglia und Astrozyten beschrieben (Ödemis et al., 2012; Williams et al., 
2014). Mit „interferon-inducible T-cell alpha chemoattractant“ (I-TAC)/CXCL11 kann 





et al., 2006), während für CXCR4 zwei Nicht-Chemokine, das Zytokin „macrophage 
migration ihibitory factor“ (MIF) und Ubiquitin, als weitere Liganden fungieren. Hierbei 
vermittelt MIF proinflammatorische und Ubiqutin antiinflammatorische Effekte (Saini et al., 





Mit seiner Entdeckung auf Leukozyten im Jahr 1994 erhielt CXCR4 zunächst den Namen 
„leukocyte-expressed seventransmembrane-domain-receptor“ (LESTR) (Loetscher et al., 
1994). Erst mit der zwei Jahre später erbrachten Erkenntnis, dass es sich um einen 
Chemokinrezeptor handelt, der mit hoher Spezifität an SDF-1 bindet, erhielt er seinen 
heutigen Namen CXCR4 (Bleul et al., 1996; Oberlin et al., 1996). Als typischer GPCR 
aktiviert CXCR4 klassische intrazelluläre Moleküle/Signalwege, wie „extracellular signal-
regulated kinases“ (Erk), Januskinasen (JAK2, JAK3) und Akt (Proteinkinase B). Neben der 
G-Protein-gekoppelten Signaltransduktion wird auch die Aktivierung þ-Arrestin-vermittelter 
Signalwege beschrieben (Lagane et al., 2008; Vila-Coro et al., 1999). Die elementaren 
Funktionen von CXCR4 werden deutlich, wenn das Gen für CXCR4 gezielt ausgeschaltet 
wird. CXCR4-Knockout-Mäuse versterben ebenso wie SDF-1-Knockout-Mäuse bereits 
perinatal und zeigen erhebliche Defekte in unterschiedlichen Organsystemen. Dazu zählen 
Fehlbildungen von Hippocampus und Kleinhirn, eine gestörte Hämatopoese im Knochenmark 
(Zou et al., 1998), Herzfehlbildungen, eine gestörte Angiogenese (Nagasawa, 2001), eine 
fehlerhafte Myogenese sowie Defekte im peripheren Nervensystem (PNS) (Ödemis et al., 
2005). Die SDF-1-CXCR4-Achse ist außer an Entwicklung und immunologischen Prozessen 
auch an pathologischen Abläufen beteiligt. So fördert die SDF-1-CXCR4-Achse das 
Wachstum und die Metastasierung von unterschiedlichen Tumoren (Sun et al., 2010). Organe 
mit einer hohen SDF-1-Expression wie Lunge, Knochen oder Lymphknoten sind bevorzugte 
Metastasierungsorte für CXCR4-positive Tumorzellen (Ratajczak et al., 2006). Im Rahmen 
einer akuten lymphatischen Leukämie (ALL) neigen weiterhin Lymphozyten mit hoher 
CXCR4-Expression häufiger zu einer extramedullären Metastasierung (Spiegel et al., 2004). 
Bei verschiedenen Karzinomen beeinflusst CXCR4 zudem die Angiogenese und die 







Viele Jahre ging man davon aus, dass CXCR4 den einzigen Rezeptor im SDF-1-System 
darstellt. Das zunächst als „receptor dog cDNA1“ (RDC1) bezeichnete CXCR7-Gen wurde 
bereits 1990 entdeckt (Libert et al., 1990). Dem Rezeptor konnte jedoch lange Zeit kein 
Ligand zugeordnet werden, sodass er zunächst als „verwaister Rezeptor“ („orphan receptor“) 
angesehen wurde (Law and Rosenzweig, 1994). Erst mit der Erkenntnis, dass die Chemokine 
SDF-1 und I-TAC als Liganden für RDC1 dienen, wurde dieser den Chemokinrezeptoren 
zugeordnet und entsprechend umbenannt (Balabanian et al., 2005; Burns et al., 2006). 
CXCR7 gilt aufgrund von zwei Abweichungen im DRYLAIV-Motiv (DRYLSIT = A→S und 
V→T) als einer der fünf bekannten atypischen Chemokinrezeptoren und wird auch als 
„atypical chemokine receptor 3“ (ACKR3) bezeichnet (Ulvmar et al., 2011). Experimente an 
Zebrafischen zeigten, dass CXCR7 als sogenannter „scavenger“-Rezeptor wirkt (Boldajipour 
et al., 2008). Hierbei wird durch die Bindung und Internalisierung mit anschließendem Abbau 
von SDF-1 ein extrazellulärer Chemokingradient aufrechterhalten, welcher für eine gerichtete 
Migration von CXCR4+-Zellen bedeutsam ist. Auch in Muskel- und Endothelzellen konnte 
eine solche „scavenger“-Funktion des CXCR7 gezeigt werden (Hunger et al., 2012; Naumann 
et al., 2010). Inzwischen konnte in verschiedenen Zellarten auch die Funktion von CXCR7 als 
aktiver Rezeptor nachgewiesen werden, beispielsweise in isolierten Astrozyten, Schwann-
Zellen (Ödemis et al., 2010), Oligodendrozyten (Göttle et al., 2010), T-Zellen (Kumar et al., 
2012) und unterschiedlichen Tumorzelllinien (Hattermann et al., 2010; Yates et al., 2013). In 
einigen dieser Zellen konnte eine þ-Arrestin-vermittelte MAP-Kinasen-Aktivierung durch die 
SDF-1-CXCR7-Achse belegt werden (Chen et al.,  2015; Lee et al., 2013; Luker et al., 2009; 
Rajagopal et al., 2010). In Astrozyten und humanen Gliomzellen konnten Ödemis et al. 
(2012) sogar eine G-Protein-vermittelte Erk- und Akt-Aktivierung, trotz verändertem 
DRYLAIV-Motiv des Rezeptors, zeigen. Im Gegensatz zu CXCR4-Knockout-Mäusen 
kommen Tiere mit einem ausgeschaltetem Gen für CXCR7 lebend zu Welt, zeigen jedoch 






4.3 Gliazellen des ZNS 
 
Die Gliazellen des zentralen Nervensystems sind im Schnitt zehnmal häufiger als Neurone. 
Sie sind nicht direkt an der Informationsweiterleitung beteiligt, aber für die Funktion der 
Neurone unverzichtbar. Rudolf Virchow vermutete noch eine reine Stütz- und Haltefunktion 
dieser Zellen und nannte sie Nervenkitt oder Neuroglia (glia von gr. gliokytoi – Leim, Kitt). 
Inzwischen wurden jedoch vielfältige Aufgaben im Rahmen der Hirnhomöostase beschrieben. 
Eingeteilt wird die zentrale Glia in Makro- und Mikrogliazellen. Zu den Makrogliazellen 
gehören Astrozyten, Oligodendrozyten und Ependymzellen sowie eine Reihe regional 
begrenzter, spezialisierter Zellen. Die Mikrogliazellen werden auch Hortega-Zellen genannt. 
Sie sind die Makrophagen des ZNS und damit Teil der zellulären Immunabwehr. Im 
Gegensatz zu Nervenzellen sind Gliazellen zur lebenslangen Proliferation befähigt (Jäkel and 





4.3.1.1 Astrozyten unter physiologischen Bedingungen 
 
Mit einem Anteil von über 80% sind Astrozyten der häufigste Zelltyp im ZNS (He and Sun, 
2007). Die Entwicklung eines Astrozyten beginnt als multipotente neuroepitheliale 
Vorläuferzelle des Neuralrohrs, welche sich weiter zu einer neuronalen oder glialen 
Stammzelle differenziert. Aus den glialen Stammzellen entwickeln sich schließlich 
Oligodendrozyten und Astrozyten (Molofsky et al., 2012). Die Einteilung der Astrozyten 
erfolgt anhand ihrer Morphologie und Lokalisation. Es wird zwischen protoplasmatischen und 
fibrillären Astrozyten unterschieden. Die protoplasmatischen Astrozyten befinden sich 
überwiegend in der grauen Substanz und besitzen reichverzweigte, dicke Zellfortsätze. Die 
fibrillären Astrozyten befinden sich primär in der weißen Substanz und verfügen über wenig 
verzweigte, schlanke Fortsätze (Sofroniew and Vinters, 2010). Die Zellfortsätze geben den 
Zellen ein stern- oder spinnenartiges Aussehen, verzweigen sich untereinander, stehen mit 
Neuronen und anderen Zelltypen in engem Kontakt und bilden so ein funktionelles Netzwerk 
(Freeman, 2010). Die stützenden Intermediärfilamente dieser Zellfortsätze bestehen zu einem 
großen Anteil aus dem Astrozyten-spezifischen Protein „glial fibrillary acidic protein“ 
(GFAP), welches auch für die immunhistochemische Anfärbung von Astrozyten genutzt wird. 





sowie die Glutaminsynthetase (GS) (Souza et al., 2013). An der Grenze zu nicht-neuronalen 
Strukturen bilden die Endfüßchen der Astrozytenfortsätze eine durchgehende Grenzschicht. 
Die äußere Grenzfläche des Hirngewebes wird als Membrana limitans glialis superficialis und 
die Grenzfläche zu den Hirngefäßen als Membrana limitans glialis perivascularis bezeichnet 
(Sofroniew, 2015). Eine Sonderform der Astroglia bilden die radiären Gliazellen. Sie sind 
essentiell für eine normale embryonale Hirnentwicklung. Radiäre Gliazellen fungieren unter 
anderem als Vorläuferzellen für Neurone und Astrozyten (Götz et al., 2002). Ihre radiären 
Fortsätze dienen als Führungsschiene für die Wanderung neuronaler Vorläuferzellen. 
Postnatal kommen radiäre Gliazellen noch als Bergmann-Glia im Kleinhirn und als Müller-
Zellen der Retina vor (Molofsky et al., 2012). Eine weitere astrogliale Sonderform bilden die 
Pituizyten der Neurohypophyse, deren genaue Aufgabe bisher nicht vollständig geklärt ist 
(Wei et al., 2009; Yang et al., 2016). 
Die Funktionen der Astrozyten sind vielseitig und komplex. Neben der bereits genannten 
Stütz- und Haltefunktion, ihrer Rolle in der Entwicklung von Neuronen und ihrer Beteiligung 
an Grenzmembranen sind Astrozyten unter anderem mit folgenden Funktionen an der 
Aufrechterhaltung der Hirnhomöostase sowie an der Funktionalität und dem Schutz von 
Neuronen beteiligt: 
 
• Produktion antioxidativer Substanzen wie Gluthathion (GSH) und Bereitstellung von 
Cystein für die neuronale GSH-Synthese (Sidoryk-Wegrzynowicz et al., 2011). 
• Beteiligung an der Entstehung und Funktion von Synapsen, unter anderem durch die 
Produktion von Thrombospondin (Ullian et al., 2001). 
• Pufferung des extrazellulären Ionengehaltes durch die Aufnahme von Kalium- und 
Wasserstoffionen (Oliet et al., 2004). 
• Synthese der neuronalen Wachstumsfaktoren „brain-derived neurotrophic factor“ 
(BDNF) und Neurotrophin-3 (NT-3) (Nair et al., 2008). 
• Aufnahme der Neurotransmitter Glutamat und y-Aminobuttersäure (GABA) aus dem 
synaptischen Spalt. Die Astrozyten-spezifische Glutaminsynthase wandelt das 
Glutamat in Glutamin um und stellt es den Neuronen erneut zur Verfügung. (Parpura 
et al., 2012). 
• Beteiligung an der Bildung der Bluthirnschranke und Regulation der  Gefäßweite 
durch die Ausschüttung vasokonstriktiver oder vasodilatatorischer Substanzen 





• Unterstützung des neuronalen Energiestoffwechsels: Glukoseaufnahme aus dem Blut 
und Weitergabe an die Neurone in Form von Laktat (Sofroniew and Vinters, 2010). 
 
 
4.3.1.2 Astrozyten unter pathologischen Bedingungen 
 
Astrozyten erfüllen nicht nur im gesunden Gehirn vielfältige Funktionen, auch an diversen 
neuropathologischen Veränderungen und Erkrankungen sind sie essentiell beteiligt (Sidoryk-
Wegrzynowicz et al., 2011). Bei vielen Erkrankungen des ZNS kommt es zu einer 
Aktivierung von Astrozyten, welche mit einer Änderung ihrer Zellmorphologie einhergeht. 
Diese als Astrogliose beschriebene Reaktion findet man bei traumatischen, entzündlich-
infektiösen, ischämischen, toxischen, tumorösen und neurodegenerativen Prozessen des 
Gehirns und Rückenmarks. Sie kann als Antwort auf schädigende oder potentiell schädigende 
Reize angesehen werden (Nair et al., 2008; Sidoryk-Wegrzynowicz et al., 2011). 
Charakteristika der Astrogliose sind eine Hochregulation der Expression astrozytärer 
Intermediärfilamente wie z.B. GFAP, eine Zunahme der Zellgröße und Zellzahl sowie eine 
Hypertrophie der Zellfortsätze (Nair et al., 2008). Die Maximalvariante der Astrogliose ist die 
Ausbildung einer irreversiblen Glianarbe. Lange Zeit hielt man die Ausbildung einer solchen 
Glianarbe noch für einen generell negativen, funktionseinschränkenden Vorgang, der das 
axonale Wachstum verhindert und so die Regenerationsfähigkeit des ZNS einschränkt. 
Heutzutage sieht man dies jedoch wesentlich differenzierter (Parpura et al., 2012). Die bereits 
beschriebenen physiologischen Mechanismen der Astrozyten sind auch unter krankhaften 
Bedingungen daran beteiligt, schädigende Einflüsse zu regulieren. Weitere Funktionen der 
reaktiven Astrozyten sind die Abgrenzung von schädigenden Faktoren wie Entzündungszellen 
oder Krankheitserregern, die Reduktion von Hirnödemen oder die Neuroprotektion durch den 
Abbau von Amyloid-þ-Peptiden. Als neurodegenerative Erkrankungen, die mit einer 
Astrogliose einhergehen, seien der Morbus Alzheimer, der Morbus Parkinson und die 
Multiple Sklerose erwähnt, für akute cerebrale Erkrankungen der ischämische oder 
hämorrhagische Insult und das Schädelhirn- bzw. Spinaltrauma (Burda and Sofroniew, 2014; 
Sofroniew and Vinters, 2010). Neben diesen morphologischen Veränderungen reagieren 
Astrozyten auch auf funktioneller und molekularer Ebene. Es kommt zu einer vermehrten 
Genexpression und Ausschüttung verschiedenster Signalstoffe (Daginakatte et al., 2008; 
Eddleston and Mucke, 1993). Als Beispiel sei der autokrine Mediator Lipocalin-2 (LCN2) 
genannt, welcher unter anderem eine Hochregulation von GFAP induziert (Lee et al., 2009). 





Astrogliose wird jedoch nicht nur durch zelleigene Mediatoren getriggert und moduliert, 
sondern auch durch Botenstoffe aus eingewanderten Leukozyten, Krankheitserregern, 
verletztem ZNS-Gewebe oder lokalen Zellen wie Neuronen, Oligodendrozyten und 
Mikroglia. Beispiele solcher Astrogliose-fördernden Faktoren sind IFN-y, Glutamat, TNF-α, 
LPS, reaktive Sauerstoffspezies (ROS) oder Hypoxie (Sofroniew, 2009). 
 
 
4.3.1.3 Das SDF-1-System in Astrozyten 
 
Eine astrozytäre CXCR4-Expression sowie die Aktivierung intrazellulärer Signalkaskaden 
nach Stimulation von Astrozyten mit SDF-1 wurden in vitro bereits 1997 beschrieben  
(Tanabe et al., 1997). Transkripte des zunächst als „receptor dog cDNA1“ (RDC1) 
bezeichneten CXCR7-Gens wurden ein Jahr darauf in Astrozyten nachgewiesen (Heesen et 
al., 1998). Inzwischen ist bekannt, dass CXCR4 und CXCR7 von isolierten primären 
Astrozyten auf Proteinebene in vergleichbarer Menge exprimiert werden. Das SDF-1-
Signaling läuft in diesen Zellen allerdings ausschließlich über CXCR7 ab, welcher  hier als 
klassischer GPCR fungiert (Lipfert et al., 2013; Ödemis et al., 2012). Die wenigen Studien, 
die bisher zur CXCR7-Expression in vivo existieren, zeigen, dass das CXCR7-Gen in einer 
Subpopulation von Astrozyten im postnatalen und adulten Gehirn transkribiert wird 
(Schönemeier et al., 2008). 
SDF-1 und seine Rezeptoren sind, ebenso wie Astrozyten, maßgeblich an verschiedenen 
ZNS-Pathologien beteiligt. Es konnte bereits gezeigt werden, dass SDF-1 bei ischämischen 
ZNS-Erkrankungen oder Multipler Sklerose, auch durch Astrozyten, vermehrt  exprimiert 
wird (Li and Ransohoff, 2008). Unter hypoxischen Bedingungen wurde in Astrozyten zudem 
eine deutliche Steigerung der CXCR7-Expression auf Transkriptebene beschrieben (Ladoux 
and Frelin, 2000). Primäre Astrozyten reagieren auf eine SDF-1-Stimulation mit erhöhter 
Zellproliferation und Zellmigration, beides relevante Vorgänge bei der Ausbildung einer 






4.4 Wissenschaftliche Zielsetzung 
 
Im Gegensatz zu der vergleichsweise gut untersuchten Expression und Funktion von CXCR4 
und CXCR7 in isolierten primären Astrozyten sind die Kenntnisse über das astrozytäre SDF-
1-System in vivo gering. 
Im Rahmen dieser Doktorarbeit sollte das Expressionsmuster der beiden Chemokinrezeptoren 
CXCR4 und CXCR7 in Astrozyten während verschiedener Hirnentwicklungsstadien, im 
gesunden adulten Gehirn und in unterschiedlichen ZNS-Pathologien immunhistochemisch 
analysiert und verglichen werden. 
Des Weiteren sollte an primären Astrozytenkulturen untersucht werden, welche unter 
pathologischen Bedingungen freigesetzten Mediatoren und Prozesse an der Regulation der 
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A B S T R A C T   
 
Based on our previous demonstration of CXCR7 as the major mediator of CXCL12 signaling in cultured astro- 
cytes, we have now compared astrocytic expression of the CXCL12 receptors, CXCR7 and CXCR4, during CNS 
development and disease. In addition, we asked whether disease-associated conditions/factors aﬀect expression 
of CXCL12 receptors in astrocytes. In the late embryonic rat brain, CXCR7+/GFAP+ cells were restricted to the 
ventricular/subventricular zone while CXCR4 was widely absent from GFAP-positive cells. In the early postnatal 
and adult brain, CXCR7 and CXCR4 were almost exclusively expressed by GFAP-immunoreactive astrocytes 
forming the superﬁcial glia limitans. Contrasting the situation in the intact CNS, a striking increase in astrocytic 
CXCR7 expression was detectable in the cortex of rats with experimental brain infarcts, in the spinal cord of rats 
with experimental autoimmune encephalomyelitis (EAE) and after mechanical compression, as well as in the in 
infarcted human cerebral cortex and in the hippocampus of Alzheimer's disease patients. None of these 
pathologies was associated with substantial increases in astrocytic CXCR4 expression. Screening of various 
disease-associated factors/conditions further revealed that CXCR7 expression of cultured cortical astrocytes 
increases with IFNγ as well as under hypoxic conditions whereas CXCR7 expression is attenuated following 
treatment with IFNβ. Again, none of the treatments aﬀected CXCR4 expression in cultured astrocytes. Together, 








The SDF-1/CXCL12 chemokine system is indispensable for proper 
brain development and becomes (re)activated following brain in- 
ﬂammation and injury (Réaux-Le Goazigo et al., 2013; Li and 
Ransohoﬀ, 2008). It is currently assumed that most of the eﬀects of 
CXCL12 on brain development are mediated by CXCR4, which is con- 
sidered the genuine CXCL12 receptor (Puchert and Engele, 2014). It is 
further assumed that during development the previously identiﬁed 
second CXCL12 receptor, CXCR7/ACKR3, acts primarily as a silent or 
 
scavenging chemokine receptor (Puchert and Engele, 2014). In line 
with this, animals deﬁcient for either CXCL12 or CXCR4 show disturbed 
morphologies of cerebellum and hippocampal dentate gyrus, which 
result from derailed precursor/progenitor cell migration (Ma et al., 
1998; Zou et al., 1998; Lu et al., 2002; Klein et al., 2001). Both cere- 
bellar and hippocampal morphology is, however, unaﬀected in animals 
deﬁcient for CXCR7 (Sierro et al., 2007). On the other hand, CXCR7- 
deﬁciency results in impaired migration and subsequent misplacement 
of interneurons during cortical development (Sánchez-Alcañiz et al., 
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to the lack of modulatory inﬂuences of CXCR7 on the chemotactic 
function of CXCR4 (Abe et al., 2014). Contrasting with an apparently 
silent function in the developing brain, evidence has emerged that 
CXCR7 shows active cell signaling in the diseased brain. Indeed, we 
have previously shown that the chemotactic response of cultured mi- 
croglia to CXCL12 occurs only in the presence of both CXCR7 and 
CXCR4 (Lipfert et al., 2013). Consistent with this in vitro ﬁnding, we 
have further documented the concomitant upregulation of CXCR7 and 
CXCR4 in microglia from the cortex of animals with experimental 
stroke (MCAO) (Lipfert et al., 2013). Moreover, in addition to CXCR4- 
responsive neural progenitor cells which induce regeneration of the 
adult brain (Puchert and Engele, 2014), several studies have provided 
evidence for existence of CXCR7-responsive neural progenitors (Chen 
et al., 2015; Tiveron et al., 2010). Finally, CXCR7 expressed by brain 
endothelial cells turns out to be essential for tumor vascularization (Liu 
et al., 2014). Based on slight modiﬁcations of the DRYLAIV motif, 
which is essential for recruiting and activating G proteins (Thelen and 
Thelen, 2008), it is assumed that CXCR7 does not activate G-proteins 
and rather signals through ß-arrestin  (Rajagopal et al., 2010; Wang    
et al., 2011; Lee et al., 2013). 
Among other functions, astrocytes control synaptic plasticity 
(Haydon and Nedergaard, 2014), brain blood ﬂow, brain energy me- 
tabolism (MacVicar and Newman, 2015; Bélanger et al., 2011), and 
neurotransmitter homeostasis (Schousboe et al., 2013) in the intact 
brain. Likewise, in the diseased central nervous system (CNS), (re- 
active) astrocytes play a multi-facetted role which includes the control 
of immunological processes, neuronal survival and regeneration, and 
(transcellular) permeability of the brain blood barrier (Burda and 
Sofroniew, 2014). Initial hints for a role of the CXCL12 system in the 
control of (reactive) astrocytes emerged from the demonstration that 
cultured astrocytes respond to CXCL12 with increased cell proliferation 
and migration (Ödemis et al., 2010; Bonavia et al., 2003; Tanabe et al., 
1997), eﬀects which could well contribute to glial scar formation in the 
injured brain (Filous and Silver, 2016). Moreover, we previously de- 
monstrated that although cultured astrocytes express CXCR4 and 
CXCR7 to similar levels, CXCL12-dependent astrocytic responses are 
exclusively mediated through CXCR7 (Ödemis et al., 2010). Our ana- 
lysis also revealed that despite its modiﬁed DRYLAIV motif, CXCR7 
allows for the activation of G-proteins in cultured astrocytes, acting as a 
classical chemokine receptor in these cells (Ödemis et al., 2012). In 
contrast to cultured astrocytes, our understanding of the role of CXCR7 
in astrocytes of the healthy and diseased CNS is still incomplete. This 
issue is further intrigued by the fact that the expression of the CXCR7 
ligand, CXCL12, increases in various brain pathologies (Banisadr et al., 
2016; Chen et al., 2016; Gu et al., 2016; Krumbholz et al., 2006; Ma  
et al., 2015; Robin et al., 2006; Sun et al., 2014). The few studies 
presently available on CXCR7 in vivo demonstrate that the CXCR7 gene 
is transcribed in a subpopulation of astrocytes in the postnatal and adult 
brain and that this transcriptional process is not aﬀected by experi- 
mental brain infarct or experimental autoimmune encephalomyelitis 
(EAE) (Schönemeier et al., 2008a, 2008b; Banisadr et al., 2016). The 
most robust upregulation of CXCR7 and/or CXCR4 observed to date 
occurs in brain tumors, especially gliomas, and is associated with en- 
hanced tumor growth and metastasis (see for example Liu et al., 2013a; 
Ehtesham et al., 2013; Hattermann et al., 2010). 
In the current study, we characterized and compared CXCR7 and 
CXCR4 protein expression in astrocytes of the developing rat CNS as 
well as in the CNS of rats with MCAO, EAE, and spinal cord compres- 
sion. In addition, we analyzed CXCR7 and CXCR4 expression in astro- 
cytes of the hippocampus and cerebral cortex from patients suﬀering 
from Alzheimer's disease and ischemic stroke, respectively. The use of 
diﬀerent disease models for our analysis was spurred by the previous 
demonstration that diﬀerent subpopulations of astrocytes exist within 
diﬀerent parts of the CNS (John Lin et al., 2017) and that astrocytic 
responses within a given part of the CNS may diﬀer with respect to the 
type of injury (Zamanian et al., 2012). Finally, we identiﬁed disease- 
associated conditions controlling expression of CXCL12 receptors in 
astrocytes. 
 
2. Materials and methods 
 
2.1. Developmental studies 
 
Brains were obtained from Sprague-Dawley rats (Charles River 
Laboratories) at embryonic day 18 (E18), postnatal day 2 (P2), and 
postnatal day 60 (adult). For each time point at least 3 animals were 
used. E18 and P2 animals were decapitated and removed brains were 
immediately ﬁxed in 4% formalin. Adult animals were anesthetized 
with 4% isoﬂurane (Baxter, Unterschleißheim, Germany) and 2% 
Xylacin (Bayer, Monheim, Germany)/10% ketamine hydrochloride 
(Merial, Hallbergmoos, Germany) and transcardially perfused  with 
200 ml phosphate buﬀered solution followed by perfusion of 250 ml 
ice-cold 4% formalin solution. Brains were removed and ﬁxed in 4% 
formalin solution for another 24 h, drained in ascending concentrations 
of sucrose for three days, and frozen at −80 °C. 
 
2.2. Animal disease models 
 
2.2.1. Experimental stroke 
Spontaneously hypertensive rats (SHR, 250 g; Charles River 
Laboratories) were housed at constant temperature (+23 °C) under a 
12 h light/dark cycle and ad libitum access to food and water. 
Experimental focal cerebral ischemia was induced by unilateral per- 
manent occlusion of the middle cerebral artery (MCAO) as previously 
described (Lipfert et al., 2013). Brieﬂy, animals were anesthetized with 
ketamine hydrochloride (100 mg/kg; Merial, Hallbergmoos, Germany), 
Xylacin (10 mg/kg; Bayer, Monheim, Germany) and atropin (0.1 mg/ 
kg; Ratiopharm, Ulm, Germany). The MCA was permanently occluded 
by electrocoagulation after sub-temporal craniotomy. Brain sections 
were prepared from animals 72 h, 96 h, and 168 h after stroke onset, a 
time frame in which expression of CXCR7 and CXCR4 peaks (Lipfert 
et al., 2013). To this end, animals were euthanized with carbon dioxide, 
transcardially perfused, and processed as described above. Three ani- 
mals were analyzed for each survival time. The contralateral, uninjured 
hemispheres of these animals served as controls. 
 
2.2.2. Experimental autoimmune encephalomyelitis (EAE) 
CD4+  T  cells  reactive  against  myelin  basic  protein  (TMBP)  were 
generated and used for disease induction in Lewis rats as previously 
described  (Flügel  et  al.,  2001).  All  cell  lines  were  CD4+,  CD8− and 
αβTCR+,  and  were  extensively  tested  for  their  phenotype,  cytokine 
proﬁle, antigen speciﬁcity and encephalitogenic potential. EAE was 
performed by i.v. injection of 5 × 106 blasts TMBP cells. The rats were 
weighed and scored daily according to a 5-grade scoring scale as de- 
scribed (Flügel et al., 2001). Animals were perfused for morphological 
analysis 4–5 days p.t., i.e. at the peak of the clinical symptoms. Analysis 
was performed with 3 EAE animals. The spinal cord from healthy ani- 
mals served as a control (n = 3). 
 
2.2.3. Spinal cord injury 
Spinal cord compression injury was induced in adult Wistar rats as 
previously described (Wirth et al., 2013; Ozsoy et al., 2012, 2013; 
Semler et al., 2011). Brieﬂy, a laminectomy was performed at the level 
of vertebra T8 and the exposed spinal cord compressed (at segment 
level T10) using electromagnetically controlled watchmaker forceps. 
The intact spinal cord was lesioned by compressing its diameter by 50% 
with velocity of 100 mm/s for 1 s using a timed current. Rats were then 
housed individually in standard cages and the bladder voided manually 
three times a day. Animal were sacriﬁced 12 weeks post injury, a stage 
characterized by prominent increases in numbers of GFAP-positive as- 
trocytes (Manthou et al., 2017). The spinal cords from 3 animals with 
compression injury were analyzed and compared to the spinal cord 






Characteristics of human brain tissue used for analysis. 
 
Disease Age Male/female Amyloid plaques Tau plaques Cause of death 
AD 69 f + + Pancreas ca, multiple organ dysfunction 
AD 52 m + + Esophageal varices, multiple organ dysfunction 
AD 62 f + + Breast ca, multiple organ dysfunction 
Non-AD 52 m − − Pancreatitis, multiple organ dysfunction 
Non-AD 50 m − − Pneumonia, heart failure 
Non-AD 70 m − − Heart failure 
Cerebral infarction (subacute) 49 f   Deep vein thrombosis, acute cor pulmonale 
 
from healthy rats. 
 
2.3. Human brain samples 
 
Formalin-ﬁxed human brain tissue was obtained from the Leipzig 
brain bank. This included tissue from 3 Alzheimer's patients, 3 non- 
Alzheimer's patients, and 1 patient with subacute cerebral infarction 
(Table 1). 
 
2.4. Histology and immunohistochemistry 
 
Frozen tissue blocks were sectioned at 12–20 μm on a cryostat, 
formalin-ﬁxed tissue was sectioned at 50 μm on a vibratome. For im- 
munohistochemistry to glial ﬁbrillary acidic protein (GFAP), CXCR7, 
CXCR4 and NeuN tissue sections were permeabilized with 0.05% sa- 
ponin and non-speciﬁc binding sites were blocked with 5% (v/v) 
donkey serum (GIBCO, Invitrogen, Carlsbad, CA) in PBS for 1 h. Slices 
were incubated overnight in a humid chamber at 4 °C with monoclonal 
anti-CXCR7 (1:50; clone 11G8, R & D), polyclonal anti-CXCR4 (1:200; 
ab1670, ab2074, Abcam), polyclonal anti-GFAP (1:200; Z0334, DAKO), 
monoclonal anti-GFAP (1:200; 556330, BD Pharmingen) and polyclonal 
anti-NeuN (1:500; ABN78, Millipore) antibodies in combinations as 
speciﬁed in the text. Antibody labelling was detected by incubating 
slices for 2 h at room temperature with appropriate Alexa 488-labelled 
and Alexa 555-labelled donkey secondary antibodies (1:200; 
Invitrogen). Cell nuclei were counterstained with DAPI (DAKO). 
Sections were mounted with DAPCO/glycerol (DAKO) and examined 
under a Zeiss confocal laser scan microscope (LSM). Images represent 
single optical sections. For preparation of overview pictures, tissue 
slices were hematoxylin-eosin (HE)-stained using standard protocols. 
For quantitative protein analysis, tissue samples were lysed by ultra- 
sonication in RIPA buﬀer (50 mM Tris-HCL pH 8.0, 150 mM NaCl, 1% 
NP-40, 0.5% sodium deoxycholate, 0.1% SDS), and subjected to 
Western blot analysis as outlined below. 
 
2.5. Cortical astrocytes, treatment, and Western blot analysis 
 
Astrocytic cultures were established from postnatal day 3 Sprague 
Dawley rat cortices as described previously (Ödemis et al., 2012). 
Conﬂuent cultures were switched to serum-free N2-medium 24 h prior 
to experiments and were additionally treated for 24 h with the fol- 
lowing substances as speciﬁed in the text: interferon (IFN)-β (10 U/ml), 
IFN-γ (10 ng/ml), tumor necrosis factor (TNF)-α (10 ng/ml), epidermal 
growth factor (EGF; 10 ng/ml) or H2O2 (0.1 μM). In selected experi- 
ments, cultures were maintained for 24 h at 1% O2. Eﬀects of these 
treatments on CXCR7, CXCR4 or HIF1-α expression were determined by 
Western  blotting.  To this  end, cells  were lysed  by  ultrasonication in 
62.5 mM Tris-HCl, containing 2% SDS and 10% sucrose. Protein con- 
tent of cell lysates was determined using the BCA protein estimation kit 
(Pierce; Rockford, Il) and bovine serum albumin (BSA) as a standard. 
Obtained proteins (15 μg/lane) were separated by SDS-(10%) poly- 
acrylamide gel electrophoresis and transferred to nitrocellulose. Blots 
were incubated overnight at 4 °C with anti-CXCR7 antibody (1:300; 
AP17961PU-N, Acris), anti-CXCR4-antibody (1:500; ab1670, Abcam) or 
anti-hypoxia inducible factor (HIF)1-α antibody (1:500; NB100-123F1, 
Novus Biologicals). Antibody labelling was detected with a horseradish 
peroxidase-labelled secondary antibody (1:10,000; Jackson Im- 
munoResearch) and visualized with the enhanced chemiluminescence 
kit (GE Healthcare, Waukesha, WI). Staining of the blots with GAPDH 
(1:5000; 10R-G109A, Fitzgerald Industries International) or actin 
(1:1000; sc-7210, Santa Cruz Biotechnology) antibodies served as a 
loading control. Integrated optical densities of immunoreactive protein 
bands were measured using the Gel-Pro Analyzer software 3.1. (Media 
Cybernetics) and values were corrected for protein loading. 
 
2.6. Immunostaining of cultured cells 
 
Cortical astrocytes were established and prepared as outlined above. 
Immunostaining was performed on 4% formalin ﬁxed cell cultures. For 
permeabilization, cultured cells were incubated with ice cold ethanol/ 
acetone (1:1) for 5 min. Non-speciﬁc binding sites were blocked with 
5% (v/v) bovine serum albumin in PBS for 1 h. Cultures were subse- 
quently incubated overnight at 4 °C with primary antibodies (anti- 
CXCR4, ab1670, Abcam, 1:100; anti-CXCR7, clone 11G8, R & D, 1:50), 
followed by a 1 h-incubation (37 °C) with appropriate Alexa 488-la- 
belled and Alexa 555-labelled secondary antibodies (1:200 Invitrogen, 
Carlsbad, CA). Cell nuclei were counterstained with DAPI (AAT 
Bioquest, Sunnyvale, CA) and cells were mounted with Glycergel 





Data, obtained from at least three independent experiments, are 
given as mean ± SD. Data were subjected to one way analysis of 
variance (Anova) followed by pairwise multiple comparison procedures 
(Student-Newman-Keuls method). If appropriate, intergroup diﬀerences 





3.1. Developmental expression of CXCR7 and CXCR4 in cortical astrocytes 
 
In the developing rodent cortex, the switch from neurogenesis to 
gliogenesis occurs between E16 to E18 (Molofsky and Deneen, 2015). 
Consequently, we focused on brains from E18 animals and older. Im- 
munohistochemial analysis was performed with the CXCR7 antibody, 
mAb 11G8. The speciﬁcity of this antibody was previously conﬁrmed 
(Berahovich et al., 2010a, 2010b; Walters et al., 2014). In addition, we 
used the CXCR4 antibody, ab1670; the selectivity of this latter antibody 
was conﬁrmed by analyzing CXCR4 expression in cultured astrocytes 
transfected with predesigned CXCR4-siRNA (Supplementary Fig. 1). 
To characterize astrocytic CXCR7 expression during brain devel- 
opment, we double-labelled sections from rat brains ranging from E18 
to adult with antibodies against CXCR7 and GFAP. On E18 there was 
widespread and intense CXCR7-staining present throughout the cortical 
hemispheres (Fig. 1A). Double-labelling deﬁned a distinct number of 






Fig. 1. Astrocytic expression of CXCR7 and CXCR4 during cortical development. Coronal sections were obtained from the cerebral cortex of (A, B) E18, (C, D) P2, and (E, F) adult rats and 
double-labelled with antibodies against GFAP and CXCR7 (A, C, E) or CXCR4 (B, D, F). DAPI was used for staining cell nuclei. At E18, CXCR7, but not CXCR4, is expressed by a large 
number of GFAP-negative cells within the cortical hemispheres. In postnatal and adult cortical hemispheres, CXCR7 and CXCR4 expression is mainly restricted to GFAP-immunoreactive 
astrocytes forming the glia limitans (arrow) and to adjacent meninges (m). Dashed lines mark brain surface. Scale bars, 25 μm. 
 
Fig. 2. Developmental expression of CXCR7 and CXCR4 within ventricular wall. Periventricular area in coronal sections of the E18 (A, B, E) and adult (C, D) rat brain, double-labelled 
with antibodies against GFAP and CXCR7 (A, C), GFAP and CXCR4 (B, D), and CXCR7 and CXCR4 (E). Cell nuclei are visualized with DAPI. During late embryonic development, moderate 
CXCR7 expression occurs in GFAP-positive cells within the ventricular (VZ)/subventricular zone (SZ). In the adult brain, moderate to intense CXCR7 staining is exhibited by the 
ependymal lining (arrow head) and GFAP-expressing cells, reminiscent of B-astrocytes, within the subventricular zone (arrow). In the late embryonic brain, prominent CXCR4 expression 
is present within (neuroepithelial) cells forming the inner part of the ventricular zone (VZ). In the adult cortex very faint CXCR4 staining is restricted to the ependymal lining (arrow). 
CXCR7/CXCR4 double-labelling of E18 brain sections further demonstrated that CXCR4 staining does not overlap with CXCR7 staining within the ventricular/subventricular zone. V, 
ventricle. Scale bars, 25 μm. 
 
CXCR7+/GFAP+  cells   within   the   ventricular/subventricular   zone 
(Fig. 2A). In other areas of the cortical anlagen only very few CXCR7+/ 
GFAP+ cells were detectable (Fig. 1A). Together these ﬁndings suggest 
that most astrocytes lack CXCR7 during prenatal development. 
In sections of the postnatal day 2 (P2) brain, cortical CXCR7 staining 
was widely reduced and mostly conﬁned to a compact layer near the 
pial surface of the cortical hemispheres (Fig. 1C). Deeper parts of the 
cerebral hemisphere rarely showed speciﬁc labelling for CXCR7. The 
inner part of the superﬁcial layer formed by CXCR7-immunopositive 
structures additionally exhibited strong staining for GFAP (Fig.  1C),  
thus, showing that in the early postnatal brain CXCR7 is expressed 
predominantly in astrocytes of the glia limitans. The absence of GFAP- 
staining from the outer part of the superﬁcial layer formed by CXCR7- 
immunopositive structures suggests that CXCR7 is additionally present 




within meninges of the early postnatal brain. 
In adult cortical hemispheres, CXCR7 expression remained re- 
stricted (Fig. 1E). Moderate CXCR7 expression still occurred in GFAP- 
immunoreactive astrocytes forming the superﬁcial glia limitans as well 
as in adjacent meninges (Fig. 1E). Moderate to high CXCR7-im- 
munostaining was additionally present within the ependymal lining of 
the ventricles (Fig. 2C). Moreover, CXCR7 was expressed by GFAP- 
immunoreactive cells, located underneath the ependymal layer in the 
subventricular zone (Fig. 2C); these cells most likely represent B1 and/ 
or B2-astrocytes (Platel and Bordey, 2016). Finally, in further ac- 
cordance with previous studies, using either in-situ hybridization or 
mice carrying the GFP gene under control of the CXCR7 promoter 
(Banisadre et al., 2016; Cruz-Orengo et al., 2011; Schönemeier et al., 
2008a), staining for native CXCR7 protein was present within the in- 
tima and adventitia of large (peripheral) blood vessels and partially 
within the endothelium of brain  microvasculature  (Supplementary 
Fig. 2). CXCR7 expression was virtually undetectable in the perivas- 
cular glia limitans (Supplementary Fig. 2) and neurons (Supplementary 
Fig. 3). 
Additional double-labelling of E18 brain sections with antibodies 
against CXCR4 and GFAP showed prominent CXCR4-immunostaining in 
GFAP-negative cells forming the inner part  of  the  ventricular  zone  
(Fig. 2B). Double-labelling with antibodies against CXCR4 and CXCR7 
further revealed that this layer of CXCR4-expressing cells does not 
overlap  with  the  layer  of  CXCR7-expressing  cells  (Fig.  2E). Speciﬁc 
immunostaining for CXCR4 was widely absent from other parts of the 
cortical anlage (Fig. 1B). In the postnatal and adult cortex, CXCR4 ex- 
pression was mainly restricted to GFAP-immunoreactive astrocytes of 
the glia limitans and adjacent meninges (Fig. 1D, F). Outside these 
structures, only few additional cells/astrocytes expressed low levels of 
CXCR4. Consistent with previous ﬁndings from in situ hybridization 
analysis (Stumm et al., 2002), CXCR4 expression further occurred over 
the ependymal lining although staining was extremely faint (Fig. 2D). 
The developmental decline of both CXCR7 and CXCR4 expression as 
revealed by immunohistochemistry was fully conﬁrmed by Western 
blot analysis. Into adulthood, levels of CXCR7 and CXCR4 dropped by 
80% and 86%, respectively (Supplementary Fig. 4A). 
 
3.2. Astrocytic expression of CXCR7 and CXCR4 in the diseased CNS 
 
For studying disease-related eﬀects on astrocytic CXCR7 expression, 
we used the cortical hemisphere from rats with permanent unilateral 
MCAO as well as the spinal cord (white matter) from rats with EAE and 
spinal cord compression. We further investigated the cerebral cortex 
from patients with ischemic infarction and the hippocampus of patients 
with Alzheimer's disease. 
To initially assess whether experimental brain infarct (MCAO) af- 
fects expression of CXCR7 and/or CXCR4, we stained brain sections 
obtained from animals 72 h to 168 h following unilateral MCAO with 
antibodies against either CXCR7 or CXCR4 (Fig. 3B, C). In the ipsilateral 
Fig. 3. Time-course of CXCR7 and CXCR4 expression fol- 
lowing experimental brain infarct. Rats were subjected to 
unilateral permanent middle cerebral artery occlusion 
(MCAO), sacriﬁced after the indicated times, and brains 
were removed. (A) Overview of HE-stained coronal brain 
section obtained 96 h following MCAO. The white dashed 
line outlines the infarct core (IC). The contralateral, unin- 
jured area served as control. Boxed areas within the injured 
and non-injured hemisphere mark the sites were high 
magniﬁcation images were taken. (B, C) Results from 
staining coronal brain sections with antibodies against 
CXCR7 and CXCR4. In the injured hemisphere, expression 
of both CXCL12 receptors was still low after 72 h following 
MCAO, clearly increased at 96 h, and declined up to 168 h. 
Scale bars, 100 μm. 




(injured) hemisphere, CXCR7 and CXCR4 expression was sparse up to 
72 h following MCAO. Expression of both CXCL12 receptors promi- 
nently increased up to 96 h following MCAO and declined up to 168 h. 
Expression of both CXCL12 receptors remained unchanged in the con- 
tralateral (intact) hemisphere during the time-course examined. 
To determine whether MCAO-induced expression of CXCR7 and/or 
CXCR4 occurs in astrocytes, we double-labelled cortical sections from 
animals 96 h after unilateral MCAO with antibodies against GFAP and 
CXCR7 or CXCR4. Indicative for reactive gliosis, numbers of GFAP- 
immunoreactive cells increased in the area surrounding the infarct core 
(Figs. 4A, 5A). Similar increases in GFAP-immunoreactive cell numbers 
were absent in the contralateral (uninjured) hemisphere (Figs. 4B, 5B).    
In the infarcted hemisphere, intense and widespread  CXCR7-labelling 
was present within a relatively broad band  directly  lining  the  infarct 
core (Fig. 4A). In contrast, CXCR4-immunolabelling was mainly re- 
stricted to a layer located more distant to the  infarct  core  (Fig.  5A). 
Both CXCR7- and CXCR4-immunolabelling was either absent or ex- 
tremely low in uninjured control hemispheres (Figs. 4B, 5B). Double- 
labelling demonstrated that the majority of GFAP-immunoreactive as- 
trocytes within the peri-infarct zone expressed CXCR7 whereas only few 
GFAP-immunoreactive astrocytes showed staining for CXCR4 (Figs. 4A, 
5A). The merged staining further revealed presence of a distinct number 
of CXCR7-positive cells not expressing GFAP (Fig. 4A, C). The CXCR7- 
or CXCR4-positive, but GFAP-negative cells most likely represent mi- 
croglia/macrophages which are known to accumulate within the peri- 
infarct area (Lipfert et al., 2013). Finally, double-labelling for CXCR7  
and CXCR4 showed that most CXCR4 immunoreactive cells also ex- 
pressed CXCR7 (Fig. 5C), suggesting that the small layer of CXCR4 
expressing cells represents the outer part of the band formed by CXCR7 
expressing cells. 
The spinal cord from healthy rats contained moderate numbers of 
GFAP-immunoreactive astrocytes and rarely any of them exhibited 
immunostaining for CXCR7 or CXCR4 (Figs. 6, 7). In autoimmune CNS 
lesions of EAE (Fig. 6C, G) or following mechanical compression 
(Fig. 7B, H), numbers of GFAP-immunoreactive astrocytes were in- 
creased within the spinal cord white matter, an eﬀect that was more 
pronounced after compression. Most remarkably, both pathological 
conditions were associated with striking increases in the number of 
CXCR7-immunoreactive cells (Figs. 6C, 7B). Double-labelling with 
GFAP demonstrated that irrespective of the pathology, CXCR7 expres- 
sion prominently increased in astrocytes (Figs. 6C, D, 7B, C). It is no- 
teworthy that in the compressed spinal cord astrocytic CXCR7 expres- 
sion was highest close to the site of compression and declined with 
distance (Fig. 7B, D). In contrast to CXCR7, spinal cord compression 
remained without obvious eﬀects on CXCR4 expression (Fig. 7H, I). In 
spinal cord from EAE animals CXCR4 expression increased, however, 
this increase occurred predominantly in GFAP-negative cells with 
roundish cell bodies, likely to be microglia/macrophages (Fig. 6G, H). 
Increases of CXCR7 and CXCR4 in the autoimmune spinal cord were 
likewise detectable by Western blotting (Supplementary Fig. 4B), again 
underscoring the speciﬁcity of our immunohistochemical analysis. 
To further assess the size of the population of astrocytes expressing 
CXCR7 under the various pathological conditions, we determined the 
fraction  of  GFAP+/CXCR7+ cells  present  (1)  in  the  band  of  reactive 
astrocytes surrounding the infarct core of MCAO animals, (2) in areas of 
the EAE spinal cord white matter exhibiting dense cellular inﬁltration, 
 
Fig. 4. MCAO is associated with increased expression of 
CXCR7 in astrocytes. Coronal sections were obtained from 
the cortex of rats 96 h following MCAO and double-labelled 
with CXCR7 and GFAP antibodies. (A) In the infarcted 
hemisphere, GFAP and CXCR7 expression robustly in- 
creased in the area adjacent to the infarct core (IC). Merging 
of the channels demonstrated that GFAP-immunoreactive 
astrocytes within the peri-infarct area co-express CXCR7. 
(B) GFAP and CXCR7 remained unchanged in the con- 
tralateral (control) hemisphere. (C) Close-up view of the 
peri-infarct area revealing the additional presence of a po- 
pulation of GFAP−/CXCR7+ cells. DAPI was used for nu- 
clear staining. Arrows in (C) denote examples of GFAP+/ 
CXCR7+ cells and arrowheads examples of GFAP−/ 
CXCR7+ cells. Scale bars in (A) and (B), 100 μm; scale bar 
in (C), 25 μm. 




Fig. 5. MCAO has restricted eﬀects on CXCR4 expression in 
astrocytes. (A) Staining of coronal sections from the cortex 
of rats 96 h following MCAO with antibodies against CXCR4 
and GFAP, demonstrated increased CXCR4 expression in a 
cell layer at the outer rim of the peri-infarct region. Merging 
the staining subsequently demonstrated that CXCR4 ex- 
pression does occur in a very small number of GFAP-im- 
munoreactive astrocytes. (B) The contralateral (control) 
hemispheres showed unchanged low staining for GFAP and 
CXCR4. (C) Double-labelling for CXCR4 and CXCR7 re- 
vealed that virtually all CXCR4 expressing cells within the 
outer rim of the peri-infarct region also express CXCR7. 
DAPI was used for staining cell nuclei. Arrows in (C) denote 
examples of CXCR4+/CXCR7+ cells and arrowheads ex- 
amples of CXCR4−/CXCR7+ cells. Scale bars in (A) and (B), 





















(3) in the area adjacent to the crushed spinal cord, and (4) in the cortex 
and spinal cord of healthy animals (Table 2). All disease conditions 
were associated with a prominent 7–13-fold increase in GFAP/CXCR7 
double-labelled cells when compared to healthy controls (Table 2). 
Moreover, independent of the pathology, CXCR7 expression was pre- 
sent in a major population (61% to 88%) of (reactive) astrocytes  
(Table 2). 
To investigate whether expression of CXCR7 is likewise increased in 
astrocytes of the diseased  human CNS, we studied human brain mate-  
rial with ischemic cerebral infarction (Fig. 8A), a condition closely re- 
sembling the MCAO animal model. We noted a clear increase in the 
number of GFAP-immunoreactive astrocytes in the area adjacent to the 
infarct/lesion core (Fig. 8B, D). Most of these GFAP-immunoreactive 
cells showed double-labelling for CXCR7 (Fig. 8B, C), but not for CXCR4 
(Fig. 8F, G). Moreover, GFAP/CXCR7 double-labelled cells were rarely 
detectable in the contralateral uninjured hemisphere of the same in- 
dividual (Fig. 8D, E). 
The demonstration of astrocytic CXCR7 expression in the infarcted 
human brain, prompted us to additional determine whether astrocytic 
CXCR7 expression would likewise occur in the Alzheimer's brain, which 
again is characterized by prominent reactive  gliosis  (Rodríguez-  
Arellano et al., 2016, for review). In accordance with these previous 
reports, numbers of GFAP-immunoreactive astrocytes were distinctly 
higher in the hippocampus from patients  with Alzheimer's  disease than  
in the hippocampus of age-matched non-demented control individuals 
(Fig. 9). While CXCR7-immunolabelling was low in control hippocampi, 
hippocampal CXCR7 staining was readily detectable in Alzheimer's 
disease (Fig. 9A, B). Merged images revealed that CXCR7 expression 
prevails in astrocytes (Fig. 9A). A similar increase in astrocytic CXCR7 
expression occurred in the hippocampus from patients with early-onset 
AD, which showed no or less pronounced signs of reactive gliosis 
(Supplementary Fig. 5). Interestingly, CXCR4-immunostaining was 
hardly detectable in the hippocampi from both AD and control patients 
(Fig. 9C, Supplementary Fig. 5). 
Collectively, these ﬁndings establish that in both rodents and  hu- 
mans diverse CNS pathologies result in the predominant expression of 
CXCR7, but not of CXCR4, in astrocytes. 
 
3.3. Inﬂuences of disease-associated conditions on astrocytic CXCR7 and 
CXCR4 expression 
 
In additional experiments, we set out to identify factors mediating 
the disease-associated increases in CXCR7 expression in reactive as- 
trocytes. Cultures of astrocytes from postnatal rat cortex served as an 
assay system in these experiments. Speciﬁcally, we focused on the cy- 
tokines, TNFα, IFNγ, INFβ as well as on H2Ο2 and hypoxia, factors/ 
conditions known to be involved in numerous CNS pathologies (Wang 
et al., 2015; Doll et al., 2014; Issazadeh et al., 1995; Sin et al., 2012). 
We further included EGF in this experiment as it was shown previously 
to activate astrocytes in the injured brain and to induce expression of 
CXCR4 in cancer cells (Phillips et al., 2005; Liu et al., 2006). Consistent 
with our prior ﬁndings (Ödemis et al., 2010), Western blot analysis 
demonstrated presence of similar levels of CXCR7 and CXCR4 in cul- 
tures of rat cortical astrocytes (Fig. 10). Reminiscent of the situation in 
the injured CNS, immunostaining further showed widespread expres- 
sion of CXCR7 in cultured astrocytes (Suppl. Fig. 6); this observation is 
consistent with the long-standing view that cultured astrocytes attain 
distinct reactive traits (Pike et al., 1994). Moreover, discrepant from 




Fig. 6. EAE promotes astrocytic expression of 
CXCR7, but not of CXCR4. (A, B) Overview of HE- 
stained cross sections prepared from the spinal 
cord of EAE rats at the peak of the disease (A) and 
healthy controls (B). (A′, B′) show boxed areas at 
higher magniﬁcation. Note the dense cell in- 
ﬁltration within lesioned sites. (C–J) Spinal cord 
sections were obtained from EAE (C, D, G, H) and 
healthy animals (E, F, I, J) and double-labelled 
with antibodies against GFAP and CXCR7 (C–F) 
or GFAP and CXCR4 (G–J). D, F, H, J show cells at 
high magniﬁcation in double-labelled sections. 
DAPI was used for staining cell nuclei. EAE ani- 
mals exhibited a small, but distinct increase in 
numbers of GFAP-expressing astrocytes when 
compared to healthy controls. EAE was further 
associated with a clear cut increase in CXCR7 
expression which was to a large part associated 
with GFAP-immunoreactive astrocytes. Similar to 
CXCR7, the spinal cord from EAE animals showed 
increased numbers of CXCR4 expressing cells. 
Most of these CXCR4 positive cells, however, did 
not co-express GFAP, and possessed a roundish 
cell body, reminiscent of microglia/macrophages. 
Scale bar in C, E, G, I, 50 μm. Scale bar in D, F, H, 
























our ﬁndings in the injured CNS, most CXCR7-positive astrocytes in 
culture co-expressed CXCR4 (Suppl. Fig. 6). Treatment with IFNβ  
(10 U/ml; 24 h) resulted in a 90% loss in CXCR7 expression (10A, B). 
By contrast, IFNγ (10 ng/ml; 24 h) and hypoxia (1% O2; 24 h) allowed 
for a 3.5-fold and 2.8-fold increase in CXCR7 expression, respectively 
(Fig. 10A, B). Corroborating previous work (Esencay et al., 2013; Liu 
et al., 2010), the hypoxia-dependent induction of astrocytic CXCR7 
expression was accompanied by an approximately 3-fold increase in 
HIF1-α levels (Fig. 10D). CXCR7 expression was not aﬀected by TNFα 
(10 ng/ml, 24 h), H2O2 (0.1 μM; 24 h)  or  EGF  (10 ng/ml;  24 h)  
(Fig. 10A, B). Most intriguingly, none of treatments aﬀected expression 
of astrocytic CXCR4 (Fig. 10A, C). Collectively, these ﬁndings establish 
that at least in vitro distinct disease-associated conditions either se- 




The expression and function of CXCR7 is well documented in cul- 
tured astrocytes. However, our knowledge on the role of this chemokine 
receptor in astrocytes in vivo is still sparse. In the present studies, we 
sought to characterize and compare the expression proﬁles of CXCR7 
and CXCR4 in astrocytes of the developing and adult brain. In addition, 
we analyzed whether astrocytic CXCR7 and CXCR4 expression would 
change under various brain pathologies, which with exception of 
Alzheimer's disease (Parachikova and Cotman, 2007; Laske et al., 2008) 
were previously found to result in increased expression of CXCL12 
(Banisadr et al., 2016; Chen et al., 2016; Gu et al., 2016; Krumbholz  
et al., 2006; Ma et al., 2015; Robin et al., 2006; Sun et al., 2014). We 
demonstrate that in the postnatal and adult rat brain CXCR7 and CXCR4 
are predominantly expressed by astrocytes forming the glia limitans. In 
addition, we show that in both rodents and humans numerous CNS 
pathologies are associated with robust increases in the expression of 






Fig. 7. Spinal cord compression results in the selective upregulation of CXCR7, but not of CXCR4 in (reactive) astrocytes. Longitudinal sections were obtained from the spinal cord of rats 
with mechanical compression (A–E, H, I) and healthy individuals (F, G, J, K). (A) Overview of a histological section obtained from the compressed spinal cord and stained with HE. Boxed 
areas mark the sites proximal and distal to the compressed area (CA) were high magniﬁcation pictures have been taken. Sections were stained with a combination of GFAP and CXCR7 
(B–G) or GFAP and CXCR4 (H–K) antibodies. (C, E, G, I, K) Close-up views of labelled cells. Robust increases in GFAP immunoreactive cell numbers occurred adjacent to the CA. A major 
portion of GFAP positive cells present in this area also expressed increased levels of CXCR7, but not of CXCR4. Scale bars in B, D, F, H, J, 50 μm and in C, E, G, I, K, 10 μm. 
 
CXCR7, but not of CXCR4 in (reactive) astrocytes. Finally, we identify 
the disease-associated cytokines, IFNγ and IFNβ as well as hypoxia as 
potent modulators of astrocytic CXCR7 expression. Collectively, our 
ﬁndings point to a previously unrecognized role of astrocytic CXCR7 in 
the diseased CNS. 
4.1. Developmental expression of CXCL12 receptors in astrocytes and other 
brain structures 
 
Immunostaining of the late embryonic rat brain revealed that both 
CXCR7 and CXCR4 expression are widely absent from GFAP-im- 
munoreactive cells, implying that the CXCL12 system does not aﬀect 
early (prenatal) steps of astrocyte development. The exception was a 
 
Table 2 
Quantiﬁcation of CXCR7-expressing astrocytes in the various disease models. 
Healthy spinal cord EAE spinal cord Compressed spinal cord Healthy cortex MCAO cortex 
Fraction (% ± SD) of GFAP-positive astrocytes expressing CXCR7 7 ± 2 78 ± 5 88 ± 5 9 ± 1 61 ± 6 
p-Value < 0.001 < 0.001 < 0.001 
GFAP/CXCR7-double labelled cells were counted in histological sections of the spinal cord and cortex from healthy and diseased animals (n = 3) as outlined in the text and referred to the 
total number of GFAP-positive cells present in the same area. The analysis comprised a total of 42–115 GFAP-positive cells per section. 






Fig. 8. CXCR7 expression increases in astrocytes of the infarcted human brain. Brain tissue was excised from the area adjacent to the lesion core (boxed area in A) and sectioned. Tissue 
sections from the contralateral uninjured hemisphere of the same individual served as control. Sections were double-labelled with GFAP and either CXCR7 (B–E) or CXCR4 (F, G) 
antibodies. (C, E, G) Close-up views of labelled cells. Note that GFAP-immunoreactive astrocytes are accumulated adjacent to the infarct core and express CXCR7, but not CXCR4 
following cerebral infarction. Further note that most astrocytes lack CXCR7 expression in the control hemisphere. Scale bars in B, D, F, 50 μm and in C, E, G, 10 μm. 
 
Fig. 9. Astrocytic CXCR7 expression is increased in the 
hippocampus from Alzheimer's patients. 
Hippocampal sections from patients with AD and from age- 
matched non-AD individuals were double labelled with (A, 
B) GFAP and CXCR7 or (C) GFAP and CXCR4 antibodies. 
The AD hippocampus contained higher numbers of GFAP- 
immunoreactive cells when compared to controls. Likewise, 
hippocampi from AD patients exhibited profound increases 
in CXCR7 expression which mainly occurred in GFAP-posi- 
tive astrocytes. CXCR4 expression was almost absent in both 
AD and non-AD hippocampi. Scale bars, 25 μm. 






Fig. 10. Screening of disease-associated factors/conditions for eﬀects on CXCL12 receptor expression in cultured cortical rat astrocytes. Astrocyte cultures were established from the 
cerebral hemispheres of P2 rats and grown to conﬂuency in serum-containing (10%) MEM-medium. Twenty four hours prior to experiments, cultures were switched to serum-free N2- 
medium, and maintained for additional 24 h in N2-medium  additionally  supplemented  with  either  INFβ (10 U/ml),  INFγ (10 ng/ml),  TNFα (10 ng/ml),  EGF  (10 ng/ml),  or  H2O2 
(0.1 μM). Cells were subsequently lysed and subjected to Western blot analysis for CXCR7 or CXCR4. GAPDH or actin served as loading controls. In selected experiments, conﬂuent 
cultures were exposed to hypoxia (1% O2, 24 h). (A) Representative blots for the various treatments on CXCR7 and CXCR4 expression. (B, C) Densitometric analyses of (B) CXCR7- and (C) 
CXCR4-immunoreactive protein bands. (D) Characterization of the eﬀects of hypoxia (1% O2, 24 h) on astrocytic HIF1-α levels. Bars show relative changes (means ± SD) of CXCR7 and 
CXCR4 protein levels as determined in 3–5 independent experiments. Levels of CXCR7, CXCR4, and HIF1-α present in untreated controls were set to 1 (dashed lines in B and C). 
p < 0.001, p < 0.05; treatment vs. control. 
 
small number of CXCR7 +/GFAP+ cells, residing within the ven- 
tricular/subventricular zone; these cells could represent neural/glial 
progenitor cells (Kriegstein and Alvarez-Buylla, 2009). By contrast, 
intense CXCR7-immunolabelling was present within numerous GFAP- 
negative cells. These cells most likely represent cortical neurons, mi- 
grating GABAergic or olfactory interneurons or endothelial cells, which 
reportedly express CXCR7 during brain development (Sánchez-Alcañiz 
et al., 2011; Tiveron et al., 2010; Schönemeier et al., 2008a). One of the 
rare structures exhibiting intense CXCR4 expression in the late em- 
bryonic brain was the ventricular zone/neuroepithelium, which is 
consistent with previous ﬁndings from in situ hybridization analysis of 
the prenatal mouse brain (Tissir et al., 2004). A recognized function of 
the CXCL12-CXCR4 axis in the neuroepithelium consists in the mod- 
ulation of neural stem cells expansion (Li et al., 2011). It is noteworthy 
that the CXCR4-positive layer within the ventricular zone showed no 
overlap with CXCR7 staining exhibited by the outer part of the 
ventricular and/or subventricular zone. Whether this reﬂects the dif- 
ferential expression of CXCR4 and CXCR7 by neural stem cells and 
progenitor cells remains to be established. 
In accordance with previous in-situ hybridization studies (Stumm  
et al., 2002; Tissir et al., 2004; Schönemeier et al., 2008a), im- 
munostaining of the healthy postnatal and adult rat brain revealed a 
generally restricted expression of CXCR7 and CXCR4. Shortly after 
birth, expression of CXCR7 and CXCR4 became detectable within a 
subpopulation of astrocytes forming the superﬁcial glia limitans, which 
persisted  into  adulthood.  In  the  adult  brain,  few  additional  CXCR7+/ 
GFAP+ cells  were  present  underneath  the  ependymal  lining  of  ven- 
tricles which might represent B-astrocytes (Platel and Bordey, 2016), 
cells reported to possess stem cell properties (Lin and Iacovitti, 2015). 
Outside these areas, very few astrocytes within the postnatal and adult 
brain showed low levels of CXCR7 and hardly any CXCR4. Astrocytic 
borders are thought to restrict leukocyte migration into the brain 




(Sofroniew, 2015). Moreover, previous work established that CXCR7 
controls entry of leukocytes into the brain through endothelial barriers 
(Cruz-Orengo et al., 2011), a fact reﬂected by the prominent expression 
of CXCR7 in microvasculature of the adult brain. It is thus tempting to 
speculate that CXCR7 and CXCR4 are additionally involved in the 
control of leukocyte traﬃcking through astrocytic brain borders. In the 
adult rat brain, we further noticed prominent CXCR7 expression in the 
ependymal lining of ventricles, a structure previously shown to express 
CXCR7 transcripts (Banisadr et al., 2016; Schönemeier et al., 2008a). 
Intriguingly, previous work provided evidence that leukocytes trans- 
migrate through the ependymal lining of ventricles (Alvarez and Teale, 
2007). We consequently suggest that CXCL12 receptors not only control 
leukocyte traﬃcking through astroglial and endothelial borders, but 
also through ventricular lining. 
 
4.2. Astrocytic expression of CXCL12 receptors in the diseased CNS 
 
To date, numerous studies reported the constitutive expression of 
CXCL12 in the intact CNS and the increased expression of the chemo- 
kine in animals suﬀering from stroke, traumatic brain injury, and EAE 
(Banisadr et al., 2016; Ma et al., 2015; Robin et al., 2006; Sun et al., 
2014). Moreover, all pathological conditions are likewise associated 
with increased CXCL12 levels in humans as determined either in the 
CNS or plasma (Chen et al., 2016; Gu et al., 2016; Krumbholz et al., 
2006). While so far expression of the alternate ligand for CXCR7, 
CXCL11, was found to increase in EAE-animals (McColl et al., 2004), 
expression levels of this chemokine have not yet been analyzed in other 
CNS pathologies. In our present analysis, we found restricted expression 
of the CXCL12 receptor, CXCR7, in astrocytes of the healthy adult rat 
CNS and robust increases in astrocytic CXCR7 expression, involving a 
major population of reactive astrocytes, in various rat disease models, 
such as MCAO, EAE, and spinal cord compression. We further found a 
likewise restricted expression of CXCR7 in astrocytes of the uninjured 
human cerebral cortex and hippocampus and pronounced increases in 
astrocytic CXCR7 expression in the infarcted as well as Alzheimer's 
brain. A previous study analyzing MCAO animals by in-situ hybridiza- 
tion failed to detect increases in CXCR7 transcript levels in astrocytes 
within the peri-infarct area (Schönemeier et al., 2008b), implying that 
the observed disease-associated increases in astrocytic CXCR7 expres- 
sion might occur predominantly at the translational level. Surprisingly, 
overall expression as well as astrocytic expression of CXCR4 remained 
unaﬀected in rat spinal cord compression, human cerebral infarction, 
and Alzheimer's disease. Moreover, whereas in accordance with pre- 
vious studies (Schönemeier et al., 2008b; Lipfert et al., 2013; Banisadr 
et al., 2016) overall expression of CXCR4 increased in the cortex from 
MCAO animals and after EAE induction, CXCR4 expression in GFAP- 
positive astrocytes again remained largely unaﬀected. The increased 
expression of CXCR4 seen in these animals seems to be mainly due to 
CXCR4-positive microglia and blood-borne leukocytes invading the 
peri-infarct area (Lipfert et al., 2013; Ruscher et al., 2013). Collectively, 
we believe our ﬁndings indicate that in vivo CXCL12 signals to astro- 
cytes via CXCR7. This notion ﬁts well with our previous demonstration 
of CXCR7 as the main mediator of CXCL12-signaling in cultured as- 
trocytes (Ödemis et al., 2010). 
 
4.3. Disease-associated conditions aﬀecting expression of CXCL12 receptors 
in astrocytes 
 
Screening of several disease-associated conditions for eﬀects on 
CXCR7 expression in cultured cortical astrocytes demonstrated in- 
creased CXCR7 expression following treatment with IFNγ and a loss of 
CXCR7 expression following treatment with IFNβ. IFNγ primarily, but 
not exclusively, acts as a proinﬂammatory cytokine (Ottum et al., 
2015).  In  astrocytes,  IFNγ signaling  seems  to  contribute  to  the re- 
cruitment of inﬂammatory cells to the CNS by controlling leukocyte 
entry   through    the   blood-brain-barrier    and/or   by   the   enhanced 
production of chemokines (Ottum et al., 2015). By contrast, IFNβ 
promotes production of anti-inﬂammatory chemokines and cytokines 
and is used as a ﬁrst-line treatment in relapsing forms of MS (Kieseier, 
2011). The observed high levels of astrocytic CXCR7 under proin- 
ﬂammatory (IFNγ treatment), but not anti-inﬂammatory conditions 
(IFNβ treatment) could point to the existence of a secondary CXCR7- 
dependent immune response that contributes to the inﬂammatory loop 
(Pugazhenthi et al., 2013). In addition to IFNγ and IFNβ, astrocytic 
CXCR7 expression robustly increased following hypoxia. A similar hy- 
poxia-dependent induction of CXCR7 expression has been previously 
reported for several other cell types, including glioma cell lines and 
hippocampal progenitor cells (Esencay et al., 2013; Liu et al., 2013b). 
Interestingly, hypoxia remained without notable eﬀects on astrocytic 
CXCR4 expression, which is unexpected because: (1) hypoxia is known 
to induce CXCR4 expression in various types of tumor cells as well as 
primary cells (see for example Zagzag et al., 2006; Guo et al., 2014; 
Romain et al., 2014; Liu et al., 2010). (2) Hypoxia further increased 
levels of HIFα in cultured astrocytes. (3) The promoter regions of the 
CXCR7 and CXCR4 genes reportedly contain multiple HREs (Tarnowski 
et al., 2010). We suggest that the failure of hypoxia to aﬀect astrocytic 
CXCR4 expression might reﬂect the cell type-speciﬁc regulation of 
CXCL12 receptors by oxygen. Indeed, whereas hypoxia promotes ex- 
pression of CXCR4 and CXCR7 in mesenchymal stem cells (Liu et al., 
2010) it only increases CXCR4 expression in colon cancer cells (Romain 
et al., 2014). 
Following CNS injury, activated (reactive) astrocytes form a border 
around the lesion area which potentially shields the non-injured CNS 
from toxic conditions prevailing in the lesion area (Pekny and Pekna, 
2014; Burda and Sofroniew, 2014). Reactive astrocytes further limit 
neurodegeneration (Liu and Chopp, 2015) and induce repair of the 
blood-brain-barrier (Verkhratsky and Butt, 2013). Finally, in the dis- 
eased CNS, bidirectional interactions take place between astrocytes and 
microglia/monocytes which profoundly impact immunological re- 
sponses (Sofroniew, 2014). Previous in vitro studies already demon- 
strated that CXCL12-CXCR7 promote proliferation and migration of 
astrocytes and might, thus, control glial scar formation (Ödemis et al., 
2010, 2012). Future studies have to address which of above mentioned 
processes are aﬀected by astrocytic CXCR7 in situ and how these 
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Supplementary Figure 1 
 
Specificity of the CXCR4 antibody. 
 
Enriched astrocytic cultures were established from the P3 cortex and 
maintained with 10% serum-containing DMEM. Confluent cultures were 
switched to DMEM containing 1% fetal calf serum and transfected overnight 
with predesigned CXCR4 siRNA (Rn_Cxcr4_6; Qiagen) or scrambled (control) 
siRNA (Qiagen) using the siPORT™ Amine Transfection Agent (Ambion). 
Following transfection, cells were kept for another 24h in 10% serum-containing 
DMEM. Cells were then lysed and subjected to Western blot analysis for 
CXCR4. Confirming the specificity of the CXCR4 antibody, the CXCR4 protein 





Supplementary Figure 2 
 
CXCR7 is expressed by the endothelial lining of blood vessels. 
 
(A) Peripheral artery and (B) microvasculature in CXCR7/GFAP double- 
labelled sections of the adult rat cortex. Prominent CXCR7 expression is present 
in the endothelial (e) lining of blood vessels as well as in the adventitia (a) of 
peripheral arteries. Further note that CXCR7 expression only occurs in the 
superficial glia limitans (sgl), demarked by GFAP staining in (A), but not in the 





Supplementary Figure 3 
 
Cortical neurons lack CXCR7. 
 
Double-staining of sections of the adult cortex with CXCR7 and NeuN 
antibodies failed to detect prominent expression of CXCR7 in neurons. Scale 






Supplementary Figure 4 
Quantification of CXCL12 receptor expression in the developing rat brain and 
diseased spinal cord. 
(A) Total cerebral hemispheres were obtained from rats at E18 and P60 (adult) 
and analyzed for CXCR7 and CXCR4 expression by Western blotting. ß-actin 
served as loading control. Bars show average CXCR7 and CXCR4 levels (+SD), 
corrected for protein loading, as determined by densitometric analysis of 
immunoreactive protein bands in 4 experiments. Protein levels present at E18 
were set to 1. **p<0.001, adult vs. E18. Note that the analyzed E18 brain 
material contained ventricular wall material with high CXCR4 expression. 
(B) Western blot analysis of the healthy and EAE spinal cord for CXCR7 and 
CXCR4 expression. Bars show average protein levels (+SD) as determined in 3 
experiments. Protein levels present under healthy conditions were set to 1. 




Supplementary Figure 5 
 
Early-onset AD is associated with the increased expression of CXCR7, but not 
CXCR4 in astrocytes. 
Sections from the hippocampus of a 52 year-old AD-patient and a 50 
year-old control were double-labelled with antibodies against (A, B) CXCR7 
and GFAP or (C) CXCR4 and GFAP. Note the selective upregulation of 
CXCR7, but not of CXCR4, in the AD hippocampus which is predominantly 





Supplementary Figure 6 
 
Characterization of CXCR7 and CXCR4 expression in cultured cortical 
astrocytes. 
Astrocyte cultures were initiated from the cortex of P3 rats and maintained with 
serum-free N2-medium for 24h prior to analysis. Following fixation with 4% 
formalin, cultures were double-labelled with antibodies against GFAP and 
CXCR7, GFAP and CXCR4, or CXCR7 and CXCR4. Cell nuclei were 
visualized by DAPI. A major fraction of the cultured cells co-express CXCR7 
and CXCR4. Scale bar, 50µm. 
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Astrozyten haben einen entscheidenen Einfluss auf die normale Hirnentwicklung, die 
Aufrechterhaltung der Hirnhomoöstase sowie pathologische Hirnprozesse (Sidoryk-
Wegrzynowicz et al., 2011). Diese Einflussnahme erfolgt unter anderem über das Chemokin 
SDF-1. Bei ischämischen ZNS-Erkrankungen oder Multipler Sklerose wird SDF-1, auch 
durch Astrozyten, vermehrt exprimiert (Li and Ransohoff, 2008). Die Stimulation isolierter 
primärer Astrozyten mit SDF-1 führt ferner zu verstärkter Migration und Proliferation, beides 
relevante Mechanismen bei der Ausbildung einer reaktiven Astrogliose (Bonavia et al., 2003; 
Ödemis et al., 2010). Untersuchungen unserer Arbeitsgruppe ergaben weiterhin, dass 
kultivierte Astrozyten die beiden SDF-1-Rezeptoren CXCR4 und CXCR7 exprimieren, die 
Einflüsse von SDF-1 jedoch auschließlich über CXCR7 vermittlelt werden und dieser darüber 
hinaus in Astrozyten als klassischer GPCR fungiert (Ödemis et al., 2012). In vivo wurde die 
CXCR7-Expression in Astrozyten bislang lediglich auf Transkriptebene 




bestätigt (Schönemeier et al., 2008), entsprechende Untersuchungen zur Expression von 
CXCR7 auf Proteinebene stehen dagegen aus. Ebenso ist die Expression des CXCR7-Proteins 
in Astrozyten des erkrankten ZNS nur unzureichend charakterisiert. 
Um diese zentralen Kenntnislücken zu schließen, wurde in der vorliegenden Arbeit die 
astrozytäre Expression des CXCR7-Proteins während der Hirnentwicklung, im gesunden 
adulten Gehirn sowie in unterschiedlichen ZNS-Pathologien charakterisiert und mit der 
astrozytären Expression von CXCR4 verglichen. Die Analyse erfolgte mittels 
Immunhistochemie an Hirnschnitten der Ratte der Entwicklungsstadien E18, P2 und adult. 
Aufgrund der Tatsache, dass in der Ratte die Gliogenese um den 16.-18. Embryonaltag 
beginnt (Das, 1979), wurde auf die Untersuchung früherer Entwicklungsstadien verzichtet. 
Weiterhin wurden für die Analyse Cortices von Ratten mit induziertem Hirninfarkt (MCAO) 
und Rückenmarksschnitte von Ratten mit mechanischer Rückenmarksquetschung sowie 
experimenteller Autoimmun-Encephalomyelitis (EAE) verwendet. Als humane Pathologien 
standen Gewebeproben des Gehirns von Verstorbenen mit Morbus Alzheimer und 
ischämischem Hirninfarkt zur Verfügung. Durch die Verwendung unterschiedlicher 
Pathologien für diese Analyse wurde primär der Tatsache Rechnung getragen, dass sich die 
astrozytären Reaktionen abhängig vom ZNS-Abschnitt bzw. der Pathologie unterscheiden 
können. Mittels in-vitro-Experimenten wurde dann weiterhin analysiert, welche unter 
pathologischen Bedingungen freigesetzten Mediatoren bzw. aktivierten Prozesse Einfluß auf 
die Expression der SDF-1-Rezeptoren nehmen. Zu diesem Zweck wurden isolierte primäre 
Astrozyten entweder für 24 Stunden mit IFN-þ , IFN-y , TNF-α , EGF oder H2O2 behandelt 
oder unter hypoxischen Bedingungen (1% O2/24h) kultiviert und anschließend die 
Expressionslevel von CXCR7 und CXCR4 mittels Western-Blot-Analyse überprüft. 
Am Embryonaltag 18 (E18) war eine CXCR7+/GFAP+-Doppelmarkierung fast ausschließlich 
in Stamm- und/oder Vorläuferzellen der ventrikulären/subventrikulären Zone nachweisbar, 
während CXCR4+/GFAP+-doppelmarkierte Zellen praktisch nicht auftraten. Im frühen 
postnatalen (P2) und adulten Gehirn waren sowohl CXCR7+- als auch CXCR4+-Astrozyten 
primär auf die Membrana glialis limitans superficialis beschränkt, was für eine mögliche 
Beteiligung astrozytärer SDF-1-Rezeptoren bei der Kontrolle der Leukozytenmigration über 
die äußeren Hirngrenzen spricht. Im Gegensatz zu der beschränkten Expression von CXCR7 
in Astrozyten des gesunden Gehirns, waren alle untersuchten Hirnpathologien durch eine 
deutliche Zunahme der astrozytären CXCR7-Expression charakterisiert. Die CXCR4-
Expression nahm hingegen nur in GFAP-negativen Zellen bei MCAO und EAE zu, welche 
morphologisch Mikrogliazellen oder Makrophagen ähnelten. Wir sehen diese 




Beobachtungen insgesamt als Hinweis darauf, dass auch unter in-vivo-Bedingungen das SDF-
1-Signal in Astrozyten selektiv von CXCR7 vermittelt wird. Einflüsse auf die CXCR7-
Expression in kultivierten Astrozyten zeigten das anti-inflammatorische Zytokin IFN-þ, das 
pro-inflammatorische Zytokin IFN-y sowie, in Bestätigung der Literatur (Ladoux and Frelin, 
2000), die Hypoxie. Dabei nahm die Expression von CXCR7 sowohl mit IFN-y als auch unter 
Hypoxie zu, mit IFN-þ jedoch ab. IFN-þ wird bereits seit einigen Jahren zur Therapie der 
Multiplen Sklerose eingesetzt. Inwiefern damit aus unseren Befunden geschlossen werden 
kann, dass die Hemmung der astrozytären CXCR7-Expression den Verlauf der MS 
abschwächt bzw. die verstärkte CXCR7-Expression in Astrozyten den Krankheitsverlauf 
fördert, muss in weiterführenden Untersuchungen abgeklärt werden. Solche Untersuchungen 
müssen dann auch klären, welche funktionelle Bedeutung der astrozytären CXCR7-
Expression den anderen untersuchten Neuropathologien zukommt und ob CXCR7 somit von 
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